The role of the acidic patches of spinach plastocyanin in the interaction with a soluble form of turnip cytochrome f was studied by a combination of site-directed mutagenesis, NMR spectroscopy and kinetic analysis. The charge of the two 'eastern' patches, consisting of conserved acidic residues 42-45 and 59-61 respectively, was altered by incorporation of neutral or positively charged groups. Up to four negative charges were deleted in six different mutants and a further mutant, Q88E, provided an additional negative charge in the same region. Overall second-order rate constants (k 2) for reduction by cytochrome f were determined by stopped-flow spectrophotometry. A 2-to 3-fold decrease in k 2 was observed for each negative charge abolished, regardless of its position, and in Q88E there was a 20% increase. From the ionic strength dependence similar values for k 2 at infinite ionic strength were predicted for the native and mutant proteins, while the electrostatic attraction term decreased with each negative charge removed. The equilibrium constant for association (KA) was determined from the change in T 2 of 1H resonances of plastocyanin. Loss of negative charges caused marked decreases in K A roughly in parallel with the decreases in k 2, which suggests that the main effect was on binding rather than the rate of intracomplex electron transfer. Taken together, these results provide convincing evidence for participation of residues of both acidic patches in the interaction with cytochrome f. three-dimensional structure of oxidized poplar ( Populus nigra) plastocyanin has been determined by X-ray crystallography at 2.7 A resolution [1] and refined to 1.33 A [2]. In addition, the crystal structures of reduced poplar plastocyanin at six pH values between 3.8 and 7.8 [3], poplar apoplastocyanin [4] and plastocyanins from the green algae Enteromorpha prolifera [5] and Chlamydomonas reinhardtii [6] are available. The solution structures of French bean [7-9] and parsley [10] plastocyanins as well as of those from the green alga Scenedesmus obliquus [ 11] 
Introduction
Plastocyanin is a soluble, blue copper protein acting as an electron carrier between cytochrome f and the primary donor of photosystem I, P700 +. The [2] with emphasis on the acidic patch and the copper-binding site. The picture was drawn using MOLSCRIPT [45] . and the cyanobacterium Anabaena uariabilis [12] have been determined using NMR methods.
In all the above cases the protein is an eightstranded, antiparallel /3-barrel with the shape of a slightly flattened cylinder of approximate dimensions 40 X 32 × 28 ,~. Although the structure of the spinach protein has not been fully determined, the similarity of its NMR spectrum to that of other plastocyanins shows that its three-dimensional structure is essentially the same. It contains a single copper atom liganded by the sidechains of His-37, Cys-84, His-87 and Met-92. The copper-site is located in a region of hydrophobic residues at one end of the molecule that is often referred to as the 'northern' end, according to the most common view of the protein (Fig. l) .
Another distinctive feature of the protein is the presence of two regions of negatively charged residues which surround the solvent-exposed Tyr-83 at the 'eastern' side of the molecule and are often referred to as the 'acidic patches'. The large acidic patch consists of residues Asp-42, Glu-43 and Asp-44 that are conserved in all, and Glu-45 which is conserved in most eukaryotic plastocyanins. The small acidic patch includes residues 59-61 in most higher plant plastocyanins. The patches occur on two prominent loops ( Fig. 1) with the negatively charged carboxylates directed into the solvent.
Two sites of interaction with external redox reagents have been identified [1] . The 'adjacent' site includes the copper ligand, His-87, at the northern end of the molecule, while the 'remote' site is centred on Tyr-83, which is about 10 A from the copper atom. Simple theory would tend to favour the adjacent site because of the shorter tunnelling distance. However, Tyr-83 is connected to the copper atom via the ligand Cys-84, whose ~--interaction strongly activates the S-Cu bond for electron transfer [13] . Both His-87 and Tyr-83 are surrounded by highly conserved residues which may act as binding sites for the protein's physiological reaction partners. This is supported by experiments with charged inorganic compounds such as [Fe(CN)6] 3 or [Co(phen)3] 3+. Negatively charged inorganic compounds such as [Fe(CN)6] ~-have been shown to interact with the northern patch, whereas positively charged molecules, such as [Co(phen)3] 3+, prefer the Tyr-83 site [14, 15] . Mutagenesis experiments in which Tyr-83 had been changed to Phe or Leu favoured the Tyr-83 route for reduction by the physiological electron donor, cytochrome f [16] . Chemical modification of amino acid residues [17] [18] [19] [20] , cross-linking studies [21, 22] and ionic strength effects on electron transfer [23, 24] favour binding of cytochrome f to the eastern, acidic face of plastocyanin. However, the product formed by cross-linking between acidic and basic groups is inactive in electron transfer [25] and an optimum in the ionic strength curve suggests that the most stable electrostatic complex is also inactive [24] . These results are consistent with the crystal structure of cytochrome f [26, 27] which shows that the basic patch which probably interacts with plastocyanin is 15-25 A from the haem, which is too far for rapid electron transfer. The initial, electrostatic complex, is likely to undergo rearrangement to another configuration before electron transfer occurs [24, 25, 28, 29] .
The aim of the work described in this paper was to determine the role of individual acidic residues on the eastern face of plastocyanin in the overall electron transfer from cytochrome f.
Materials and methods

Protein purification
Native spinach plastocyanin was prepared as described by Morand and Krogmann [30] . Site-directed mutagenesis and purification of the mutant proteins were carried out according to Sigfridsson et al. [31] . Turnip cytochrome f was obtained from Sigma and used without further purification. Horse-heart cytochrome c (type VI) was purchased from Sigma and further purified over a Sephadex G-100 (Whatman) gel filtration column and a CM-Cellulose (Whatman) ion exchange column.
Kinetic measurements
The overall second-order rate constants of the reactions of oxidized native and mutant plastocyanins with reduced turnip cytochrome f were determined by monitoring the change in absorbance at 422 nm with an Applied Photophysics stopped-flow spectrophotometer (SF.17MV). All measurements were performed at 300 K. The concentration of cytochrome f in the reaction mixture was held constant at 0.1 /xM while the plastocyanin concentration was varied between 1 /xM and 6 /xM to give pseudo-first-order conditions. The response to plastocyanin concentration was linear, and the slopes of the plots gave the second-order rate constant, k 2.
Protein samples were prepared in a buffer containing 10 mM potassium phosphate and 90 mM NaC1 (pH = 6.0). For experiments investigating the dependence of k~ on the ionic strength, the latter was adjusted by adding the appropriate amount of 4 M NaC1 to a buffer containing 10 mM potassium phosphate (pH 6.0). Plastocyanin and cytochrome f were oxidized and reduced by adding a 10-fold excess of potassium ferricyanide or sodium ascorbate, respectively. The proteins were separated from the reagent by passage through a Sephadex-G25 column ( 1.5 X 20 cm) equilibrated with the above buffer.
Protein concentrations were determined by measuring the absorbance of oxidized plastocyanin at 597 nm and of reduced cytochrome f at 421 nm. The extinction coefficient used for plastocyanin was 4.7 mM J cm-I as determined previously [32] . The difference extinction coefficient for cytochrome f (reduced-oxidized) at 554 nm was determined by two methods. In the first the initial slope of the absorbance change was measured when the reduced protein was titrated with a solution of potassium ferricyanide of known concentration. This gave Ae = 20.4 mM-~ cm ~. In the second method the differ-ence spectrum of the pyridine haemochrome was determined in the c~-band region (550 nm). Oxidized cytochrome f (about 90 /xM) was dissolved in a 3:1 mixture of 0.2 M NaOH and pyridine and reduced with sodium dithionite. A value of Ae = 20.5 mM-l cm ~ was calculated assuming that the value of Je55o = 19.1 mM -~ cm J for cytochrome c [33] is applicable to cytochrome f. From these values, and the measured spectra, a value of E42 ~ = 195 mMcm-~ was calculated for the Sorer band of reduced cytochrome f.
Determination of equilibration constants and redox potentials
Oxidized plastocyanin was equilibrated with an approximately equivalent amount of reduced cytochrome f. Absorbance spectra of this mixture, the plastocyanin alone, the cytochrome alone and the cytochrome in completely oxidized and reduced states were recorded with a Perkin-Elmer Lambda 9 spectrophotometer. Samples of oxidized plastocyanin and reduced cytochrome f (each about 6 p,M) were prepared as described for the stopped-flow measurements. These measurements gave information about the equilibrium constant for the reaction and the redox potential and extinction coefficient of the plastocyanin.
Redox potentials of wild-type plastocyanin and mutants were also measured under aerobic conditions by monitoring the absorbance at 597 nm as the ratio of ferri-to ferrocyanide was varied in a buffer containing 9 mM MgC12 and 20 mM Mes (pH 6.0), according to Sigfridsson et al. [31] . Oxygen was considered not to interfere because stable readings were obtained. The reported values are from at least three independent experiments with an estimated error of _+ 3 mV. The midpoint potential of the ferri-/ferrocyanide system was assumed to be 430 mV for the ionic conditions used [34] .
NMR spectroscopy 2.4.1. 1D and 2D spectra
I H-NMR spectra of the native and mutant spinach plastocyanins were recorded with a Bruker AM-500 spectrometer. Data were processed and analysed on a Silicon Graphics workstation using the Azara soft-ware package which was provided by Wayne Boucher and the Department of Biochemistry, University of Cambridge, and is available by anonymous ftp from www.bio.cam.ac.uk, directory /pub/azara. Reduced protein samples were dissolved in 50 mM potassium phosphate (pH 6.0) and concentrated to approx. 300 /~1 in a Centricon ultrafiltration system (3K cut-off). The volume was determined by weighing and, after addition of 50 /zl D20 and TSP as an internal reference (0.00 ppm), made up to 500 /zl with buffer to give approx. One-raM solutions of plastocyanin. The samples were transferred into NMR tubes (5 mm diameter) and flushed with a gentle stream of nitrogen for about 10 min prior to sealing. All spectra were acquired at 300 K. NOESY and TOCSY spectra were recorded with mixing times of 100 and 60 ms, respectively.
Binding constant measurements
The binding constant, KA, was measured by using a Carr-Purcell-Meiboom-Gill sequence to determine the spin-spin relaxation time (T 2) of the V39yH resonance of plastocyanin at -0.37 ppm [35] in the presence of various concentrations of cytochrome f. T 2 was calculated from the peak heights of the signal with six different delay times. The V39 peak was chosen since it is not obstructed by any cytochrome f resonances. Protein samples were prepared in 10 mM potassium phosphate, 90 mM NaC1 (pH 6.0) and 10% D20. A 10% equivalent of ascorbate was present during the course of the experiment to keep proteins reduced. Cytochrome f was added to a 0.5 ml sample of plastocyanin in 50-/.tl steps to give final concentrations of both proteins of 250 /xM.
Results
Structural investigations
Equilibration experiments and redox potentials
Equilibrium constants for the overall oxidation of turnip cytochrome f by the native and mutant spinach plastocyanins, Keq, were obtained by equilibrating approximately equal amounts of plastocyanin and cytochrome f and following the changes in absorbance. The same experiments also yielded the extinction coefficient for the different plastocyanins, based on the measured extinction coefficient for cytochrome f (AE554= 20.5 mM i cm i). The absorbance spectra of the wild-type and mutant plastocyanins were not significantly different. Redox potentials of the plastocyanin mutants were measured directly by equilibration with ferricyanide/ferrocyanide mixtures. The results of both types of measurement are shown in Table 1 . The value of 381 mV for the wild-type protein compares well with 390 mV recently measured by direct potentiometric titration (8 mM MgC12, 20 mM Mes pH 6.0 and 40 /~M ferricyanide as mediator, anaerobic conditions, 23°C) (M.J. Wagner and D.S. Bendall, personal communication). Other published values for spinach plastocyanin, obtained under different conditions, lie in the range 370-375 mV [36] [37] [38] .
Keq and E m for the large acidic patch mutants were not significantly different from those for wildtype. However, small but significant differences were observed for the mutations involving the small acidic Wild-type and mutant plastocyanins had almost identical 1D and 2D J H-NMR spectra, which showed that there were no major conformational differences. A more detailed analysis of NOESY and TOCSY spectra (not shown) confirmed that the desired mutations had occurred.
Equilibrium constants (Keq) are for the reaction with turnip cytochrome f in 10 mM potassium phosphate, 90 mM NaC1 (pH 6.0). Midpoint redox potentials (E,,) were measured for plastocyanins in 20 mM Mes, 9 mM MgCI 2 (pH 6.0); the results were accurate to _+3 inV. The value for D42N is taken from Ref. [31] .
The values given in brackets are those calculated from Keq.
Extinction coefficients are for the oxidized protein at 597 nm. patch (E59K/E60Q and E59K/E60Q/E43N) and for Q88E. There were discrepancies between the values of E m measured directly and those calculated from the equilibrium constant, but they are probably due to the larger error of the equilibration measurements, and the same trends are apparent. Taking the redox potential measurements as the more reliable, it is evident that the midpoint potential is lowered by about 5 mV in Q88E and raised by about 25 mV in the other two cases. These effects may be explained, at least in part, by the closer positions of these residues than of D42, E43 and D44 to the copper atom. Residues close to the copper are more likely to have a direct electrostatic influence on the relative stabilities of the oxidized and reduced forms. Nevertheless, small structural effects cannot be ruled out.
Second-order rate constants
Second-order rate constants (k 2) for the oxidation of turnip cytochrome f by the wild-type and mutant plastocyanins were determined by following the absorbance change at 422 nm in a stopped-flow spectrophotometer. Measurements were made under pseudo-first order conditions at pH 6.0 and pH 7.5 and an ionic strength of 100 mM. Values for k 2 were calculated from the slopes of the plots of the observed first-order rate constant against plastocyanin concentration. With one exception, none of the plastocyanin samples showed any sign of rate saturation at the maximum concentration used (5 /xM). The exception was the wild-type protein at pH 7.5, when a small departure from linearity was noticeable at the higher plastocyanin concentrations. The results recorded in Table 2 show that the rates observed at pH 7.5 were generally about 10% smaller than at pH 6.0, but this difference can probably be ascribed to the slightly higher ionic strength of the phosphate buffer at pH 7.5. Introduction of an additional negative charge in the vicinity of Tyr-83 by mutation of residue 88 from Gln to Glu led to a 20% increase in k 2 at pH 6.0, while neutralization of negative charges or charge inversion in the acidic patches caused marked decreases in the overall second-order rate constants which were about 2-to 3-fold for each negative charge abolished. The effect of charge modification is shown most strikingly by the interaction energies, AAG, which were calculated from the equation k2(WT)
AAG = RTln
(1) k2(mutant) Fig. 2 shows that at pH 6.0 the interaction energy is linearly dependent on the net charge within the acidic patches. E43N deviated slightly from the line, possibly because substitution of a smaller side chain (Asn for Glu) had an effect on the rate. A more significant deviation was shown by Q88E, for which the gain of interaction energy was smaller than predicted by the plot. This suggests that in this mutant the gain of an extra negative charge is offset by some other factor, possibly the loss of a hydrogen bond to cytochrome f, or the proximity of the sidechain to that of Tyr-83. Data obtained at an ionic strength of 300 mM gave a similar result (not shown). The main Table 2 Second-order rate constants (k 2) for the reaction of wild-type and mutant plastocyanins with cytochrome f The reaction mixture was 10 mM potassium phosphate, 90 mM NaCI (pH 6.0 or 7.5) at 300 K. The interaction energies, /taG, were calculated from k. as described in the text. between mutant and wild type plastocyanin. Interaction energies were taken from Table 2 . O, pH 6.0; +, pH 7.5.
conclusion to be drawn from Fig. 2 is that at pH 6.0 the interaction energy depends on the total charge in the acidic patch region of plastocyanin, and is indifferent to the location of the charges. This is still largely true at pH 7.5, but the rate constants observed with E59K/E60Q and E59K/E60Q/E43N indicate that at this pH the small acidic patch is slightly less important than the large patch. This behaviour, and the observation of rate saturation with the wild-type protein at pH 7.5 but not 6.0, suggests that an unidentified pK above 6.0 influences the reaction. The value for k 2 for wild-type plastocyanin is in good agreement with that reported by Qin and Kostic [39] (2.0× 108 M J s -1 for French bean plastocyanin + turnip cytochrome f at I= 100 mM).
However, the values we have previously reported [32] were 4-5 times smaller. The most probable explanation for the difference lies in the source of cytochrome f, which had been prepared from leaves of oilseed rape in the earlier work. In our present experiments control experiments with horse-heart cytochrome c yielded k 2=4× 106 M i s-J, which compares well with the value of 3.5 × 106 M-1 spreviously obtained [32] . Another discrepancy is that D42N behaved as if it had lost one negative charge compared with the wild-type protein, whereas we previously reported that the mutant gave nearly the same value of k 2 as the wild-type. Again, the reason for this could lie in the different source of the cytochrome f.
Binding constants
A fuller understanding of factors contributing to k 2 can be obtained by measurement of the equilibrium constant for association of plastocyanin and cytochrome f. This has been determined previously by measurement of the enhancement of the Soret band of cytochrome f when plastocyanin is bound [16, 32, 40] . The effect is small, however, and was found insufficiently reproducible in the work reported here. The results given in Table 3 were obtained by measurement of spin-spin relaxation times, T~, of plastocyanin in the presence and absence of cytochrome f by 1D I H-NMR. Comparison of the spectra of plastocyanin and cytochrome f ( Fig. 3 ) showed that resonances of plastocyanin at 1 1.62 ppm (His-37-Ne) and -0.37 ppm (Val-39-CH 3) could be observed without interference from cytochrome f. The latter was chosen because Val-39 is not as close to the copper as the His-37, and therefore not as prone to any paramagnetic effect should a trace of oxidized plastocyanin be present. Measurements were made with a butler containing 10 mM potassium phosphate, 90 mM NaCI (pH 6.0) at 300 K. K A for E59K/E60Q/E43N was too small to measure. The free energy of binding, alG A, was calculated from K A. The values of k 2 were those of Table 2 : for the significance of k 2/K A see text. Fig. 3 . ~H-NMR spectra of turnip cytochrome f (above) and spinach plastocyanin (below). Spectra were recorded at 300 K. Cytochrome f, 500 /,tM in 10 mM phosphate, 90 mM NaCI (pH 6.0); plastocyanim I mM in 50 mM phosphate (pH 6.0).
The line-broadening, Au, was determined from the values for T 2 obtained as described in Section 2. Values of K A were calculated by fitting the following equation for 1:1 binding to the plots of Au against the ratio of the concentrations of the two proteins, [cyt]/[PC], shown in Fig. 4 :
t/('+ (2) AUob ~ is the observed line-broadening in Hz, Jv~ represents the line-broadening for an infinite excess of cytochrome f and [PC] o is the plastocyanin concentration before any addition of cytochrome f. Eq.
(2) is only valid when both the plastocyanin and the cytochrome f 'stock' solutions are at the same concentration. If this is not the case, then the product of the two terms in brackets has to be replaced as follows: ,) The binding constants determined in this way are shown in Table 3 . The value found for wild-type plastocyanin was 7100 M ~, which compares reasonably well with that of 9900 M-~ reported by He et al. [16] . K A doubled upon introduction of an additional negative charge (Q88E), and decreased in all the other mutants in which the net charge became more positive. A linear response of the free energy of binding (AG A) to Aq was found, the behaviour of Q88E being consistent with Aq=-1 (plot not shown).
The following kinetic model was used to interpret the measurements of K A and k2: 
The back reaction was included because it has a significant effect on observed pseudo-first order rate constants, although we have neglected it in earlier work [16, 32, 40] . The steady state approximation may be applied in principle and an analytical equation derived, but the result is complex. However, a simulation of the reaction using the KINSIM program [41, 42] showed that certain terms were too small to be significant if reasonable values for individual rate constants were assumed. Elimination of these yielded the following approximate equation 
kf
Krk d
For most of the work described here no rate saturation is observed because 1/K A >> [PCo×], and then k~ is proportional to [PCox] and the last two terms of Eq. (5) can be omitted. In the general case the association constants of reactants and products are not equal and k, ~ k d, which implies a redox-linked change in E m of at least one of the reactants. In Eq. (5) K F is the equilibrium constant for the electron transfer step of the scheme in Eq. (4), that is K F = kf/k f. Evidence for such a change in binding constant is lacking in the present case so that Kv. becomes Keq and k d becomes k ~ in Eq. (5) . Under these circumstances the rate equation reduces to the following:
Keq was determined as ~ 3 for the reactions of the wild-type as well as the mutant plastocyanins. The term in brackets therefore approximates to 1.33. However, since there are two undetermined expressions (k a and kf) remaining, the equation still cannot be solved. In some circumstances, however, it can be simplified further, reducing it to one variable. When kf >> k a (diffusion-controlled reaction), k 2 = k a, and k 2 can be treated as a lower limit for k~. On the other hand, if kf << k a (activation-controlled limit), the equation reduces to k 2 = KAk f, yielding a lower limit for the rate of electron transfer, kf, as k2/K A. If, as suggested below, a rearrangement step within the encounter complex of reactants should be inserted the interpretation of K A and kf would have to be modified. It would remain true, however, that the measured ratio k2/K A gives a minimum value for the true electron transfer rate constant, described as kf in the scheme of Eq. (4).
The values of kz/K A obtained for the reactions of the wild-type and mutant plastocyanins are summarized in Table 3 . Their significance must be interpreted cautiously, since they provide only a lower limit for kf. Nevertheless, they suggest that for the acidic patch mutants the decreases in k 2 can be ascribed solely to the decreases in K A, with kt. being unaffected or even slightly increased. On the other hand, Q88E shows only a small increase in k 2 despite a doubling in K A. This can be attributed to a smaller kf, which could arise either from loss of a hydrogen bond between Q88 and cytochrome f in the reactive configuration of the complex, or from inhibition of the formation of this configuration by the electrostatic effect of a negative charge on E88.
Ionic strength dependence
The effects of ionic strength on k 2 were analysed with the help of the following equation developed by Watkins et al. [43] :
I+Kp ignoring the terms for monopole-dipole and dipoledipole interactions, as they recommended. In Eq. (7) ks is the value of k 2 extrapolated to infinite ionic strength, K the Debye-Hiickel parameter which has the value 0.3277 × l 1/2 ~-t at 300 K, p the effective radius in A of the set of charges in the interaction site, and V~ is a pure number representing the interaction energy at zero ionic strength in units of RT. If all the experimental points shown in Fig. 5 for each form of plastocyanin were included, poor fits to the Watkins equation were obtained, but they were much improved if data at lower ionic strengths were rejected. The curves shown in Fig. 5 were obtained by disregarding the experimental points obtained at the two lowest ionic strengths in each case. The shape of the curves varied slightly according to how many points were rejected in this way and this had a significant effect on the predicted values of Vii. Nevertheless, a consistent result emerged that in each Table 4 Electrostatic parameters for the interaction of wild-type and mutant plastocyanins with cytochrome f Fig. 3 (see text) . Vii is a pure number. case the experimental curve deviated from the theoretical Watkins curve at lower ionic strength. This is as would be expected from the demonstration by Meyer et al. [24] , using a flash photolysis technique with better time resolution, that as the ionic strength is lowered k 2 passes through an optimum.
The parameters used to define the theoretical curves in Fig. 5 are recorded in Table 4 . All forms of plastocyanin gave similar high values for ks, for which the protein charges can be regarded as being completely ineffective. This implies that driving forces and reorganization energies were not significantly affected by the mutations. The high rates of electron transfer suggest that there are significant short range forces between the two proteins that can bring them together into a specific, productive configuration. Moreover, any effects of differences in driving force (Table 1) on the rates are small. The trends observed in V~ were similar to those described in Fig. 2 for data obtained at I = 100 mM, with the exception of Q88E which showed an enhancement of the interaction energy which was much larger than expected for the increase of a single negative charge. However, the true value of V~ for this mutant is subject to a large uncertainty, as mentioned above.
Discussion
Results presented here provide convincing evidence for the participation of both acidic patches of plastocyanin in the reaction with cytochrome f. Modification of negatively charged amino acids to neutral or positively charged ones by site-directed mutagenesis led to a marked decrease in the rate of the reaction with cytochrome f. A plot of the interaction energies calculated from the measured rate constants at pH 6.0 and 1 = 100 mM gave a linear response to the net number of charges in the two acidic patches, irrespective of whether the mutation was in the small or the large patch. The decrease in k 2 was matched by a similar decrease in the binding constant, K A, suggesting that the rate of intracomplex electron transfer was little affected by the mutations. Extrapolation of the rate constants to infinite ionic strength showed that the same active site is used by the native and the mutant proteins. This finding is consistent with previously reported results [16] of site-directed mutagenesis studies showing that the major pathway used for electron transfer from cytochrome f to plastocyanin involves Tyr-83, a residue surrounded by the two acidic patches. Anderson et al. [18] have previously reached the conclusion that both acidic patches are involved in the reaction with cytochrome f as a result of specific chemical modification with ethylenediamine. Several other studies support the hypothesis that cytochrome f interacts with the eastern face of plastocyanin [ 17, 21, 24] .
Introduction of a negative charge at position 88 (Q88E) caused the expected increase in affinity for cytochrome f. The relatively large values of Vii and p predicted from rate measurements at high ionic strength are consistent with this. Nevertheless, the value of k 2 at I= 100 mM was smaller than predicted. Thus the system is not entirely insensitive to the location of charge within the area defined by the two acidic patches. The results suggest that orientational effects and rearrangement from the configuration of the initial electrostatic complex may be important for efficient electron transfer, as suggested in other work [24, 25] .
Lee et al. [44] recently reported studies on a similar series of mutants based on the plastocyanin gene from Silene pratensis. Rates of reaction of these proteins were measured with both cytochrome f and PSI from Brassica komatsuna. Although the mutants prepared were not identical in all cases our results are in agreement with the previous study as far as the large acidic patch is concerned. Results for small acidic patch mutants differed markedly, however. Whereas in our experiments the loss of negative charge on residues 59 and 60 gave essentially the same rates as similar loss of charge on residues 42-44, Lee et al. found that deletion of negative charge in the former region had no effect on the rate of reaction with cytochrome f. Nevertheless, they found that ionic strength still had a significant effect on the rate in a mutant in which the large patch contained no net charge. This suggests that there might have been some electrostatic interaction due to the charges on the small patch, although charges outside the two patches might also have been involved, as pointed out by Lee et al.
There are at least two possible causes of the discrepancy. First, the pH of the reaction was 8.0 in the Silene study but 6.0 in our measurements (which we consider to be physiologically more relevant). Spinach mutant plastocyanins E59K/E60Q and E59K/E60Q/E43N showed a small loss of interaction energy at pH 7.5 compared with pH 6.0, suggesting that it might be larger still at pH 8.0, but an increase of 0.5 pH units is unlikely to lead to such a large change in rate. A second possibility is that the discrepancy can be explained by the different origins of the proteins used. The distribution of charges on the eastern face of spinach and Silene plastocyanins is identical, but in the absence of full determinations of structure of either protein one may propose small, but significant changes in structure. The sources of cytochrome f were also different, but taxonomically close. As yet there has been no detailed study of the reaction between cytochrome f and plastocyanin in a homologous system.
